ABSTRACT Fatty acids, normally found in comb wax, have a strong inßuence on nestmate recognition in honey bees, Apis mellifera L. Previous work has shown that bees from different colonies, when treated with 16-or 18-carbon fatty acids, such as oleic, linoleic, or linolenic acids, are much less likely to Þght than bees from two colonies when only one of the two is treated. Previous work also shows that the inßuence of comb wax on recognition has practical applications; transfer of empty comb between colonies, before merger of those colonies, reduces Þghting among workers within the merged colony. Flax oil contains many of the same fatty acids as beeswax. Here, we tested the hypothesis that treatment of individual bees with ßax oil affects nestmate recognition; the results proved to be consistent with this hypothesis and showed that treated bees from different colonies were less likely to Þght than untreated bees. These results suggest that ßax oil may be useful in facilitating colony mergers.
Can simple treatments facilitate mergers of colonies as a part of apiary management? Colony mergers often result in severe worker mortality, but there is the potential to manipulate the honey bee (Apis mellifera L.) workersÕ ability to discriminate nestmates from non-nestmates, by overcoming aspects of the recognition system to facilitate colony mergers. Guard bees, the primary defenders of the colony against resource robbing, inspect workers entering the colony and assess the chemical cues on their surface; this information is used to discriminate whether a bee is nestmate or non-nestmate and exclude non-nestmates (Breed et al. 1992 (Breed et al. , 2004a dÕEtorre et al. 2006; Couvillon et al. 2007 Couvillon et al. , 2009 .
Studies (Breed et al. 1998 (Breed et al. , 2004a Dani et al. 2005 ) have suggested that fatty acids and alkenes are the primary chemical cues used in nestmate recognition by honey bees, whereas the potential roles of alkanes in chemical cues are more controversial. Worker bees acquire nestmate recognition chemicals only after exposure to comb wax; all adults that walk on the comb wax absorb the same chemical proÞle (Breed et al. 1998 , Buchwald et al. 2009 ). Studies of nestmate recognition have added to our knowledge of honey beesÕ chemical communication and have helped to develop an understanding of the evolution of nestmate recognition in social insects (Breed and Buchwald 2008) .
These Þndings also may have signiÞcant applications for beekeeping practices; common apicultural manipulations of colonies include merger of weak colonies, splitting of strong colonies, and replacement of queens in colonies. Each of these operations is dependent, at least in part, upon overcoming certain aspects of nestmate recognition. Merged colonies must be carefully manipulated to avoid excessive deaths of bees due to Þghting between the colonies involved in the merger. Splitting of colonies may be facilitated if workers can be induced to remain separate, rather than rejoining the colony from which they were split. Introduced queens also run high risk of being killed by workers in the recipient colony after the split.
The observation that fatty acids and alkenes play important roles in honey bee nestmate recognition raises the question of whether these chemicals might facilitate the splitting and merging of colonies for beekeeping purposes. For these treatments to be effective, they must be available in a form that is both economically acceptable to beekeepers and that does not raise food safety issues. These requirements are applicable to ßax oil, which contains many of the same fatty acids as beeswax (Krist et al. 2006) , is economically accessible, and is a Food and Drug AdministrationÐapproved food product (classiÞed as generally recognized as safe, or GRAS). Flax oil (also sometimes known as linseed oil, although linseed oils intended as furniture polishes are not safe food products) is extracted from the ßax plant, Linum usitatissimum L., and is used as a human dietary supplement because of its high omega-3 fatty acid content.
Here, we tested the hypothesis that ßax oil inßu-ences nestmate recognition. We did this by collecting worker honey bees and pairing them, in aggression tests, with either nestmates (no aggression expected) or non-nesmates (aggression expected). In experimental treatments, either one or both members of the pair had been exposed to ßax oil. In controls, neither member of the pair was exposed to ßax oil.
Materials and Methods
We modeled our methods after previous experiments (Breed et al. 2004a) . To test the efÞcacy of ßax oil on modifying aggressive behavior, we collected 450 pairs of bees for these experiments. An initial study used Þve colonies at the University of Colorado apiaries in August 2005, and the work was replicated in July and August 2011 by using Þve different colonies. The dates of data collection were dependent upon the weather because honey bees tend to be more active on warmer, sunnier days.
When capturing the bees, it was important to distinguish foragers from guards. Because of their defensive role in the colony, guards are generally more aggressive than foragers, whose sole purpose is to collect food for the colony. This distinction was key in attempting to observe for an aggressive response; if two non-nestmate foragers were placed together, the likelihood of aggressive behavior would be far less than if a guard was matched with a non-nestmate forager. Guards can be identiÞed by their unique stance consisting of raised and ßared wings and sentrylike behavior (Moore et al. 1987) . Foragers, conversely, move more quickly, and are easy to identify by their frequent arrivals and departures from the nest.
Guards and foragers were captured using forceps to gently clasp their legs. They were individually placed into clear plastic bags (0.5 liter; 15 by 15 cm) and were labeled with their colony number. A subset of guards and foragers were placed in plastic bags containing a piece of Þlter paper that had been treated with 0.01 ml of ßax oil (Whole Foods) and were considered treated. Those designated to be untreated were placed with a plain piece of Þlter paper. The Þlter paper was placed in the corner of each bag, and the bee was coaxed onto the Þlter paper. The corner of the bag was then folded over to ensure full contact between the bee and the Þlter paper. Bees were left in contact with the Þlter paper for 5.0 min, timed with a stopwatch. This period of time was found to be effective for changing recognition templates in previous experiments (Breed et al. 2004a) . After the bees were given a treatment (either treated or untreated Þlter paper), a treated or untreated guard was paired with a treated or untreated forager. To correct for potential effects of colony, weather on a given test day, or time of year, controls and treatments were conducted contemporaneously; i.e., variance in the results due to any of these factors equally affected treatments and controls.
We carried out 450 blind trials, with a minimum of 67 per each type of control or treatment. For each trial, a bee was removed from her respective bag and placed into a new bag by the treater. Another bee was then placed into the same bag, and then the bag was handed to a blinded observer. Each trial required a new bag to prevent the undesired contact of leftover ßax oil in the bag. Once the observer received the bag, the two bees were coaxed into contact with each other and the timer was started. Each trial was timed with a stopwatch for 3.0 min. Within the 3 min, the bees were observed for signs of aggression toward one another. Their interactions were classiÞed as either aggression/ rejection or acceptance. Observed biting, stinging, charging, and grappling indicated aggression/rejection, and interactions were classiÞed as acceptance when there were no observed acts of aggression.
At the Þrst sign of any aggressive act within the 3.0-min time trial, the timer was stopped and the overall encounter was classiÞed as aggressive. If the bees did not exhibit any of the described aggressive behaviors within the 3.0-min time period, the encounter was classiÞed as acceptance or nonaggressive.
Statistical comparisons were made using r ϫ c (2 ϫ 2) chi-square tests between the controls (untreated within-nest pairings of bees and untreated betweennest pairings of bees) and between each type of control and the ßax oil treatments. The Bonferroni correction suggests using P Ͻ 0.01 as the critical value for statistical signiÞcance when making this number of comparisons.
Results
The percentage of interactions resulting in rejection in both treated and untreated nestmate control pairings was low (Fig. 1) . In the controls, non-nestmates pairs were signiÞcantly more likely to display aggression (67.1% pairs with aggression, n ϭ 155) than nestmates (15.4%, n ϭ 91) ( 2 ϭ 73.1, df ϭ 1, P Ͻ 0.0001). When both members of a non-nestmate pair were treated with ßax oil (far right-hand column, Fig.  1 ) they reacted to each other as if they are they were nestmates (22.4% pairs with aggression, n ϭ 67) (comparison with nestmate controls, 2 ϭ 0.18, df ϭ 1, P ϭ 0.179 [ns]; comparison with non-nestmate controls, 2 ϭ 71.2, df ϭ 1, P Ͻ 0.0001). If one member of a nestmate pair was treated with ßax oil, they then reacted as if they were non-nestmates (69.6% pairs with aggression, n ϭ 69) (middle column, Fig. 1 , comparison with non-nestmate controls, 2 ϭ 0.263, df ϭ 1 P ϭ 0.608 [ns], comparison with nestmate controls, 2 ϭ 46.3, df ϭ 1, P Ͻ 0.0001). Treated pairs of nestmates showed the lowest percentage of aggression, 118%, n ϭ 68).
Discussion
From this experiment, we conclude that ßax oil treatment causes increased compatibility among bees from different colonies. Paired non-nestmate bees, when treated with ßax oil, exhibit behavior that is statistically indistinguishable from the behavior of the untreated nestmate controls. When a bee from one colony is treated with ßax oil and paired with another untreated bee from the same colony, the bees showed a higher rate of aggression than the corresponding control results between nestmates. These results are consistent with the Þnding obtained by Breed et al. (2004a) , who used treatments with pure oleic, linoleic, and linolenic acids. Given that the predominant components of ßax oil are linolenic acid (58%), linoleic acid (14%), and oleic acid (19%) (Krist et al. 2006) , it is highly likely that the effect of the ßax oil treatment is due to these acids. Tyus (1998) and dÕEtorre et al. (2006) showed that moving combs between colonies before colony mergers reduced aggression and increased the likelihood of successful mergers. Couvillon et al. (2007) suggested that this was the result of updated guard templates. The hypotheses in the present experiments were not designed to test the mechanisms by which guards discriminate nestmates from non-nestmates. Breed et al. (2004a) had previously shown that exposure to comb wax from another colony is sufÞcient in modifying the recognition of worker bees by guards. Comb wax contains high amounts of fatty acids, a fact that led to the tests of pure fatty acids as recognition cues by Breed et al. (2004a) . Flax oil provides the potential to enable beekeepers to easily modify nestmate recognition in honey bees.
Our technique involved pairing bees in plastic bags, thereby providing a simpliÞed experimental context compared with an intact colony. The combination of previous laboratory (e.g., Breed et al. 1998 ) and hivebased (e.g., Breed et al. 2004a ) studies on honey bee nestmate recognition show a strong correspondence between results from techniques like ours and techniques involving observations of guards at colony entrances (Breed et al. 2004b ). Using our simpliÞed technique allows collection of larger sample sizes and use of more controlled experimental conditions.
To conclude, these Þndings have the potential to be a new, useful addition to beekeeping practices. Our results suggest that the treatment of weak colonies with ßax oil, before merger, will reduce the emergence of Þghts among the worker bees and increase the probability of successful mergers. Similarly, if split colonies are left in the same apiary, treatment of one of the colonies may prevent worker drift between the two colonies and worker abandonment of one of the colonies. The commercial availability of ßax oil as a food supplement makes such manipulations safe, inexpensive, and easy. The potential economic value of such manipulations lies in salvaging bees that otherwise might be lost in weak colonies, or in increasing the likelihood of success of colony splits. Further experiments should involve tests of the effectiveness of ßax oil in such colony manipulations. Fig. 1 . Comparison of rates of rejection when guards and foragers were paired. The leftmost two columns are controls (between and within colonies). The middle column represents pairings in which one bee in a nestmate pair is treated and the other is not. The right-hand two columns represent pairings in which both bees were treated with ßax oil. Arrows show the statistical relationship between the bars (ns, not signiÞcant; ***, P Ͻ 0.0001).
